Lymphatic malformations are benign lesions that result from abnormal development of the lymphatic and venous systems. These lesions may be detected during routine prenatal ultrasound screening, and typically demonstrate imaging findings of a multiseptate cystic lesion lacking solid components, vascularity, and calcifications. We report 73 cases of prenatally detected lymphatic malformations and describe greater variability in their prenatal sonographic appearance than previously reported, including purely cystic lesions and mixed cystic and solid lesions with calcifications. Appreciation of this increased variability is important in providing accurate prenatal diagnosis, counseling, and management.
L ymphatic malformations are benign congenital lesions consisting of dysplastic lymphatic spaces typically filled with chylous or serous fluid. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These lesions may arise as early as the sixth week of gestation, and are likely the result of failed communication between the developing lymphatic channels and venous circulation. 2, 4 Lymphatic malformations can range in size from a few millimeters to several centimeters, and most commonly occur in lymphatic-rich regions. Approximately 50% of these lesions are identified in the neonatal period with up to 90% becoming apparent by the age of 2 years. 4, 7 Lymphatic malformations have been classically described as being distinct from other congenital lesions, such as teratomas, by the prevalence of cysts and septations and the absence of solid components, calcifications, and blood flow within the lesion. 1, 2, 7 The lesions may be broadly classified by the size of their cysts: macroscopic (all cysts measuring 2 cm or larger in size), microscopic (all cysts smaller than 2 cm), and mixed. 11 Approximately 75% of lymphatic malformations are located in the head and neck region and 20% occur within the axilla. Less common locations include the abdomen and retroperitoneum (2%), extremities (2%), and mediastinum (1%). 7 Posterior nuchal lesions (cystic hygromas) are associated with karyotypic abnormalities, such as Down syndrome and Turner syndrome, in half of cases and major structural abnormalities in another 34%. Given this association, a normal pediatric outcome is expected in only 17% of all cases of firsttrimester septate cystic hygroma. 3 Nonnuchal lesions carry a more variable prognosis depending on their growth rate and infiltration of surrounding organs or tissue, and some nonnuchal lymphatic malformations, such as mesenteric lesions, can be associated with trisomy 18 and 21 and genetic syndromes such as Turner, Noonan, and Fryns.
The growth and extent of the lesion are primary factors in predicting the outcome of the gestation; thus, serial sonographic examinations are important. Large fetal lymphatic malformations may require prenatal aspiration of cystic components or operative delivery including cesarean delivery or the ex utero intrapartum treatment (EXIT) procedure to avoid perinatal complications, such as hypoxia. 1, 2, 4, 7, 10, [12] [13] [14] [15] There have been numerous published case reports on fetal lymphatic malformations. However, to the best of our knowledge, no prior case series exists that details their variability. We have observed that lymphatic malformations uncommonly may have an atypical appearance, including an entirely cystic appearance as well as a mixed cystic and solid appearance. The aim of this case series is to report the different appearances of fetal lymphatic malformations with the premise that a better understanding of the variable ultrasound features will result in improved diagnostic accuracy, which in turn will permit more optimal prenatal counseling and pregnancy management. In addition, we introduce a new classification system that categorizes the lesions by their internal architecture, as knowledge of the lesion's inherent complexity may help guide treatment and predict postnatal treatment outcomes.
Materials and Methods
Institutional review board approval was obtained and the requirement for informed consent was waived for this Health Insurance Portability and Accountability Act-compliant retrospective study. A radiology and clinical database search from September 1997 to December 2015 was performed for patients referred to the Center for Fetal Diagnosis and Treatment (CFDT) at The Children's Hospital of Philadelphia. Prenatal imaging and maternal and neonatal medical records were retrospectively reviewed in cases of pathologically or clinically proven lymphatic malformations. Prenatal cases of posterior midline nuchal lesions (ie, cystic hygromas) were excluded, as these are rarely confused with other entities as a result of their classic location and imaging appearance.
All patients underwent multidisciplinary assessment and care by a team consisting of pediatric surgeons, maternal fetal medicine specialists, radiologists, cardiologists, geneticists, and neonatologists. Prenatal ultrasound (US) evaluation included a detailed fetal anatomic survey that determined lesion location, size, vascularity, and echotexture. In all but two cases, lesion volume was estimated using the formula for a prolate ellipse (width 3 height 3 length 3 0.523) and was reported prospectively on the initial scan. Lesion volume was inadvertently not obtained in one of these cases and could not be obtained in another case because of the extensive nature of the lesion. In addition, two cases had more than one location, and because of their multiplicity, these cases were not included in the calculation of mean lesion volume or assigned to a lesion category (described subsequently). All patients who elected to continue the pregnancy had regularly scheduled follow-up scans to monitor the lymphatic malformation for interval change. In most cases, fetal magnetic resonance imaging (MRI) and fetal echocardiography were performed at the time of the initial CFDT US examination and were correlated with the US findings and final outcome. Available surgical pathology slides of three predominantly solid lesions prenatally mistaken for teratomas were also reviewed.
Two consensus reviewers (E.R.O. and S.E.D.) assigned each of the 71 solitary lymphatic malformations to one of four categories based on their architecture and overall complexity. Type I lesions were defined as multiseptate lesions with multiple thin and/or thick internal septations; type II lesions were defined as predominantly cystic with no more than three septations; type III lesions were defined as purely cystic; and type IV lesions were defined as mixed cystic and solid with at least a 30% solid component. Lesions were assessed for the presence or absence of internal vascularity, solid elements, and calcifications.
Results
The study population consisted of 73 cases, 71 of which were correlated with fetal MRI. Fetal echocardiography was performed in 60 cases. A total of 41 cystic hygromas were identified over this time period, but were not included in the final study population. Of the 73 cases in the final study population, 32 had a final diagnosis of lymphatic malformation based on pathology results and 41 had a final diagnosis of lymphatic malformation based on postnatal clinical diagnosis. Lymphatic malformations were associated with congenital lipomatous overgrowth, vascular malformations, epidermal nevi, and scoliosis/ skeletal/spinal anomalies (CLOVES) syndrome in four cases, Klippel-Tranaunay syndrome in one case, trisomy Approximately 80% of the cases had an appearance typical of lymphatic malformations (Figures 1-4) , and the remaining 20% had an atypical appearance, with either a purely cystic appearance ( Figures 5-7 ) or a mixed cystic and solid appearance (Figures 8 and 9 ). Calcifications were observed in four type IV lesions, which resulted in an incorrect prenatal diagnosis of cervical teratoma in three of these cases. An atypical appearance of lymphatic malformation was favored in the fourth type IV lesion with calcifications.
Of the 6 of 73 cases in which US did not suggest lymphatic malformation as the diagnosis, four were type IV lesions, one was a type III lesion, and one was a type I lesion. The four type IV cases in which lymphatic malformation was not included in the differential were cervical lymphatic malformations, which were suspected to be cervical teratomas based on the presence of abundant solid components within the lesion, and the diagnosis of lymphatic malformation was not considered. Pathology was available for three of these lesions, and in two of these cases, infiltrated native tissues, lymphoid tissue, and exuberant fibrovascular tissue were present. Additionally, three of the four type IV lesions thought to be teratomas contained punctate echogenic foci on sonography (Figure 8 ), which in one case proved to be dystrophic calcifications on pathologic examination ( Figure  10) ; no venolymphatic components were reported at surgical pathology. Surgical pathology was unavailable for the other type IV lesion with calcifications confused for teratoma and for the type IV lesion with calcifications that was correctly diagnosed prenatally as an atypical lymphatic malformation. The type III lesion in which US did not suggest lymphatic malformation as the diagnosis was intra-abdominal in location and suspected to be a dilated segment of colon as a result of its tubular and cystic appearance ( Figure 5) ; however, a retrospective review of the imaging revealed no bowel signature. The type I lesion in which lymphatic malformation was not suggested by US was incorrectly interpreted as an enteric duplication cyst, although a retrospective review of the imaging revealed features more suggestive of a typical lymphatic malformation, including multiple septations and cysts of varying sizes. The correct diagnosis of lymphatic malformations was established by imaging during the neonatal period in the type I and III lesions and two of the type IV lesions-one of which was delivered by the EXIT procedure. Postnatal management of these cases consisted of surgical resection of the type I and III lesions and one type IV lesion and sclerotherapy of the other type IV lesion. The other two cases of type IV lesions were delivered by the EXIT procedure, and the correct diagnosis of lymphatic malformation was made by surgical specimens obtained at the time of delivery. One of these two cases underwent additional treatment with sclerotherapy.
Discussion
To the best of our knowledge and based on the results of an extensive literature review, this is the largest reported series of prenatally diagnosed lymphatic malformations. This series demonstrates greater variability in the prenatal US appearance of these lesions than previously recognized, and we report four rather distinct prenatal imaging patterns: (1) type I lesions characterized by multiloculated cystic appearance with numerous thin or thick internal septations; (2) type II lesions characterized by a predominantly cystic appearance with few (three or fewer) septations; (3) type III lesions characterized by a purely cystic appearance with no identifiable internal septations or solid component; and (4) type IV lesions characterized by a mixed cystic and solid appearance with the solid component composing least 30% of the lesion. Unlike the commonly used postnatal macrocystic, microcystic and mixed classification system that categorizes lymphatic malformations by cyst size, this new classification system better conveys the overall internal architecture and complexity of the lesion, in which type II and III lesions are the most simple, type IV lesions are the most complex, and type I lesions are of intermediate complexity.
Approximately 80% of the solitary lymphatic malformations in our series had a typical appearance, namely, that of an infiltrative, predominantly cystic lesion with many or a few internal septations (type I and II lesions). Slightly more than 20% (15/71) of the solitary lesions, however, had an atypical appearance, with 4 lymphatic malformations having a completely cystic appearance with no internal septations (type III lesions), and 11 lymphatic malformations having a mixed cystic and solid appearance (type IV lesions). Figure 6 . Atypical purely cystic type III cervical lymphatic malformation. A, Coronal image of the neck demonstrates a purely cystic lymphatic malformation (arrowheads) located inferior to the right ear (arrow). B, Sagittal color Doppler image of the neck demonstrates that the lymphatic malformation (arrowheads) abuts the carotid artery (CA) and internal jugular vein (IJV), but is without internal vascularity. Prenatal differential considerations for this lesion were lymphatic malformation, branchial cleft cyst and neurenteric cyst, although no communication to the spinal canal was visualized.
As in previous reports, the most common location for lymphatic malformations in our series was the head and neck region (60.3%), followed by the axilla (13.7%). We observed a higher frequency of intra-abdominal/retroperitoneal and intrathoracic/mediastinal lesions than previously reported, with these locations comprising 6.8 and 11.0% of this series, respectively. Extremity involvement (2.7%) was similar to previous reports and is rare.
Variability in the postnatal imaging appearance of lymphatic malformations has been reported previously, as has the imaging overlap of lymphatic malformations with other congenital lesions 11, [16] [17] [18] ; however, this large prenatal series illustrates how variability in the prenatal imaging appearance of lymphatic malformations can make accurate diagnosis in utero very challenging. Most cases demonstrated the classic appearance of lymphatic malformations; however, slightly more than one-fifth of the cases did not demonstrate these classic features, making accurate diagnosis challenging. For example, one intrathoracic type III lymphatic malformation, referred to the CFDT with a diagnosis of pleural effusions, had features most consistent with lymphatic malformation at our initial assessment ( Figure 7) . On prenatal US, one of the purely cystic type III lymphatic malformations was incorrectly interpreted as an abnormal segment of dilated descending colon because of the complete absence of internal complexity; however, a review of the imaging revealed that the lesion lacked bowel wall signature ( Figure 5 ). It is possible that had this been recognized prospectively, lymphatic malformation may have been correctly considered initially. Of the 11 type IV lymphatic malformations in our series, four were incorrectly interpreted as teratomas on detailed prenatal US. All four lesions were predominantly solid in appearance with areas of internal vascularity, which may have represented normal vessels encased or enveloped by the lesion (Figures 8 and 9 ). In three of these predominantly solid lesions, internal calcifications were identified and likely contributed to the incorrect diagnosis of teratomas, as the appearance of the calcifications was indistinguishable from that typically seen in teratomas. Interestingly, available pathology slides for two type IV cervical lesions confused for teratoma suggested that the atypical imaging appearance may have resulted from infiltration of native structures combined with abundant fibrovascular tissue. Calcifications seen in one of the type IV lesions confused for teratoma corresponded to dystrophic calcifications within organizing thrombus on surgical pathology, suggesting that prenatal hemorrhage within the lymphatic malformation may have resulted in the atypical prenatal appearance. A case report by Haricharan et al 19 further supports fibrosis and/or prenatal hemorrhage as accounting for the atypical solid appearance of some lymphatic malformations. The absence of solid components, calcifications, and internal vascularity has been suggested as helping distinguish lymphatic malformations from other congenital lesions (eg, teratomas) 1, 2, 7, 20 ; however, this series demonstrates that the absence of these features may not be as reliable as previously thought. Although less common, internal vascularity, solid components, and even calcifications may be seen within lymphatic Figure 9 . Atypical mixed cystic and solid lymphatic malformations (type IV). Transverse image of the neck demonstrates a large anterior neck mass with both solid and cystic components with vessels arising from the bilateral carotid arteries (arrowheads) and extending into the lesion. Three-dimensional US image demonstrates the involvement of the anterior neck. malformations. Heretofore, calcifications within a fetal nuchal lesion have been touted as being essentially pathognomonic of cervical teratoma, [20] [21] [22] which led to diagnostic errors in this series. These cases underscore more of an overlap in the prenatal appearance of lymphatic malformations and other congenital lesions than has been reported previously.
The primary limitations of this study are its retrospective nature, the absence of histopathologic evaluation in all cases, and limited prognostic and histopathologic correlation for the proposed classification system. Nevertheless, as a result of this study, we have modified our practice to more carefully define the margins of mixed cervical lesions as infiltrative and invasive, which is a feature that favors lymphatic malformations over teratomas. We have also tried to describe more recent cases using the system with the expectation that the more simple lymphatic malformations with few or no septations will be more amenable to sclerotherapy or complete surgical resection.
Improved recognition of the variability in the prenatal imaging appearance of lymphatic malformations is important in providing accurate prenatal diagnosis, counseling, and management. Although the prognostic value of the classification system described in this study has not been validated, it is believed that it will be of importance in better communicating the inherent complexity of some lymphatic malformations, which may further assist delivery planning and may help predict those lesions that may be more favorable to surgical excision or sclerotherapy, and those that may be more difficult to manage.
